Abstract. Hydrogen peroxide, organic hydroperoxide species, and formaldehyde were found to be enhanced within biomass burning plumes during the Transport and Atmospheric Chemistry near the Equator -Atlantic (TRACE A) experiment. This enhancement could have resulted from direct emission by the fires or by secondary photochemical production. In this study, direct production of hydroperoxide and formaldehyde from biomass burning is proposed and examined through comparisons of hydroperoxide and formaldehyde measurements, obtained from three fire flights in TRACE A, with model estimates, with other measurement data, and with results from fire experiments at the University of Rhode Island (URI). For highest concentrations of hydroperoxide and formaldehyde, model predictions fall short of those observed, and an additional source is required. H202 and CH3OOH were noted to increase with CO and were significantly correlated with other measured species known to be produced from biomass burning. The enhancements of H202 and CH3OOH relative to CO were different between flights in which the relative enhancements of CO to CO 2 were also different. The enhancement ratio of H202 and CH3OOH relative to CO was 1-5x10 -2 and 2-4x10 '3, respectively. CH20 was correlated with CO. The enhancement ratios of CH20 were determined in relation to both CO and CO 2 for three flights and were 7-19x10 '3 and 3-5x10 -4, respectively.
H20 2 and CH20 concentrations measured in the Mauna Loa
Observatory Photochemistry Experiment (MLOPEX) were thought to be associated with fire emissions [Heikes, 1992] . These results led us to consider biomass burning as a direct source of H202, organic hydroperoxide, and CH20.
Hydrogen peroxide and methyl hydroperoxide are normally thought of as secondary photochemical products acting as reservoirs of odd-hydrogen radicals (e.g., OH, HO 2, and CH3OO).
Together with formaldehyde, which is a source of odd-hydrogen radicals, they are also precursors of odd-oxygen (e.g., 03, O, and NO2) [Logan et al., 1981; Kleinman, 1986 Kleinman, , 1991 photolysis would enhance radical production near the fu'e and would affect the oxidizing capacity of the atmosphere [Thompson, 1992] . The TRACE A measurements indicate the potential for theft direct production from biomass burning and the need to investigate the degree and extent to which biomass fu-es affect H202, organic hydroperoxide, and formaldehyde and consequently may affect atmospheric oxidants. In this paper we hypothesize the direct production of hydroperoxide and formaldehyde from biomass burning and test this hypothesis with data obtained from three fu-e flights during TRACE A (flights 6 and 7 over Brazil and flight 10 over Africa) and a limited number of test biomass bums performed at the University of Rhode Island (URI) Bay campus. to hydroperoxide data plumes. An overestimate does not seem plausible, since the deposition of both hydroperoxide and formaldehyde, which is an important removal process for these species, was not included in the model. Further, reduction of OH and photolysis, the primary photochemical sinks for these species, also reduces their production with the resulting concentrations of H20 2, CH3OOH, and CH20 being little changed. Consequently, additional sources are needed to resolve the deviations between model and observed data over biomass fire source regions.
Observed Hydroperoxide and
Direct production in biomass fires could cause the increased concentrations of these species in and near plumes. This possibility was not considered in the model. However, there may be short-lived hydrocarbons produced from biomass fires which were not measured during the experiment and which would have been oxidized prior to sampling of the plume by the aircraft. Peroxides might have been enhanced by photochemical reactions involving these hydrocarbons. This theory was also not taken into account in the model. Thus we could not exclusively rule out secondary photochemical production as an additional source for these species. Correlation coefficient of linear regression.
Correlation of Hydroperoxide and Formaldehyde
Linear correlation is significant at any confidence level greater than this p value.
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used to estimate fire production of species X per unit CO or CO 2.
Data below 5 km were included in this analysis.
CO is plotted versus CO 2 for each flight (Figure 2 ). There is a significant linear correlation between CO and CO 2 concentrations, and the slope of the linear regression corresponds to the enhancement ratio of CO relative to CO 2. Correlation coefficients, their significance, and enhancement ratios are listed in Table ! for Table 1 lists the H202 and CH3OOH enhancement ratio for each flight. The H20 2 to CO enhancement ratio was 1-5x10 '2, and that for CH3OOH was 2-4x10 -3. Both H202 and CH3OOH are highly enhanced relative to CO in flight 7 compared to the other two flights, and the relative enhancement of H202 to CH3OOH (AH202/ACH3OOH) is also the highest in flight 7, about twice that of flight 6 or 10 (Table 1) . Also, it should be noted that organic hydroperoxides such as HMHP and 1-HEHP were detected in plumes from flights 6 and 10 but not in flight 7. From these observations the production of hydroperoxide appears to be subject to fate conditions. 
The different enhancement ratios of CO to CO 2 could be a clue for different enhancements of hydroperoxides between flights. This ratio is a proxy for fate temperature with a low ratio indicating high temperature [Lobert et ed., 1991]. This ratio is

Fire Experiment
To determine whether hydrogen peroxide, organic hydroperoxide species, and formaldehyde are directly produced from biomass burning, three sets of simple burning experiments were performed at the URI Bay campus in the summer of 1995. The emissions from 13 fires using charcoal, straw, or wood as fuel were sampled for H202, organic hydroperoxide, and CH20.
The methods employed were the same as those used in TRACE A. The results are shown in Table 2 . Dkect CH20 production by fire was always observed. H202 production observed during the fires was more variable than CH20 production. CH3OOH There are multiple paths leading to CH20 formation during combustion processes (e.g., (R12) and (R13)), and CH20 formation occurs over a wide range of fire temperature [Barnard and Bradley, 1984; Gardiner, 1984; Hucknall, 1985 
Atmospheric Implication
Hydroperoxides are reservoirs of odd-hydrogen radicals by their formation and subsequent photolysis. Their removal by wet and dry deposition and reaction with OH is a significant radical sink in the troposphere [Logan et al., 1981; Kleinman, 1986] . If these species are produced directly through processes other than photochemical reactions, however, they can contribute as a direct source of radicals. This study presents evidence for a direct source of hydroperoxide and formaldehyde from biomass burning. The production of odd-hydrogen radicals from the direct source of these species can be estimated from the enhancement ratios relative to CO, CO enhancements, and photolysis rates of H202, CH3OOH, and CH20. For three fire flights, approximately 30% of the total odd-hydrogen radical production in the lower troposphere near fires may be due to their direct emission.
Since odd-hydrogen radicals are indispensable to make new odd-oxygen radicals, the direct production of these species can affect ozone and the odd-oxygen cycle. The effect of enhanced hydroperoxide and formaldehyde due to biomass burning in TRACE A is to increase odd-hydrogen and odd-oxygen radicals and thus increase the oxidation capacity of the atmosphere [Lee et al., 1996] . The extent and mechanism of their direct production need to be critically determined through additional laboratory experiments before the global consequence of biomass burning can be evaluated.
Conclusion
In TRACE A, hydroperoxide and formaldehyde were highly elevated in and near biomass fires. These high concentrations were not explained by photochemical production alone and suggested that an additional source was required. This tendency is clear for H202 and relatively less clear for both CH3OOH and CH20. The correlations of CH20 with CO are excellent, providing strong evidence for the direct production of CH20 from biomass burning. H202 and CH3OOH are moderately correlated 2 with CO. The enhancement ratio relative to CO was 1-5x10-, 2-4x10 -3, and 7-17x10 -3 for H202, CH3OOH, and CH20, respectively. From simple fire experiments using charcoal, straw, and wood as fuel, these species were observed to be highly enhanced in comparison with ambient levels. These experiments support the hypothesis that hydroperoxide and formaldehyde are directly produced from biomass fires. The data obtained from TRACE A and fire experiments also comply with possible mechanisms for direct production of hydroperoxide and formaldehyde during combustion processes. In TRACE A the photolysis of these species produced from fires accounted for about 30% of the total radical production, which is to be a direct source of odd-hydrogen radicals in the troposphere. Thus further study needs to be carried out to determine the mechanism of production and emission factors of these species.
